Dairy pastures can be a major source of soil nitrous oxide (N 2 O) emissions due to the combination of intensive nitrogen (N) fertiliser use and high soil water content, from either rainfall and/or irrigation. Biochar application is a promising approach to lower soil greenhouse gas emissions, particularly under high soil moisture conditions where denitrification is the primary N-transformation pathway. In a replicated field trial, we evaluated the effects of two contrasting biochars derived from poultry litter and from hardwood on soil N 2 O emissions, soil ammonium (NH 4 + ) and nitrate (NO 3 − ) status, pasture productivity and herbage nutrient content. A liming treatment to mimic the liming equivalence of the poultry litter biochar was used to separate any effects observed from changes in soil pH. To further separate the effects of biochars on soil N status, N 2 O emissions and pasture N uptake, high and low N fertiliser doses (annual application of 672 kg N ha −1 , 336 kg N ha −1 ) were superimposed across all of the treatments. The N fertiliser dose had no significant impact on pasture yield. Application of poultry litter biochar resulted in significant increases in pasture productivity under both high and low N inputs. This was achieved by alleviating soil P, and possibly K nutritional constraints that are typical in Australian Ferralsols. Under the high N fertiliser dose, emissions of N 2 O from the treatments and control were not significantly different (p > 0.05) and ranged between 1.14 and 1.78 kg N 2 O-N ha −1 across the 11-month study. The low N dose resulted in significantly lower emissions of N 2 O of between 0.80 and 0.84 kg N 2 O-N ha −1 , but biochar had no significant effect on net emissions across the season. The lack of impact of biochar on N 2 O emissions was attributed to the relatively dry conditions over the trial period resulting in nitrification being the most likely N-transformation pathway. During brief episodes of high soil moisture, peak emissions from the biochar plots were lower than from the control or lime treatment, but these differences did not impact on the emission budget over the 11-month sampling campaign.
Introduction
In many developed nations, tropical and subtropical diary production occurs in areas with fertile soils and high rainfall or access to irrigation, with substantial inputs of fertiliser nitrogen (N) to underpin economic production (Dougherty et al. 2016) . The combination of high N inputs and moist soils which generally have a high carbon (C) content means that these dairy systems are prone to losses of nitrous oxide (N 2 O). For example, soil N 2 O emissions of between 2.6 and 13 kg N 2 O-N ha −1 y −1 (Dalal et al. 2003; Dougherty et al. 2016; Eckard et al. 2003) have been reported from intensively managed dairy systems. Peaks in emissions from these studies were detected following major rainfall events.
An emerging approach for lowering soil N 2 O emissions is the application of biochar to soil. In a recent meta-analysis, Cayuela et al. (2014) found an overall effect of 54% less N 2 O emitted from soil following biochar application, while an updated analysis (Cayuela et al. 2015) using additional studies refined this to a net 49% reduction in N 2 O emissions. The latter study also showed the molar H:C (organic C) ratio of the biochar to be an important factor in its efficacy with the more aromatically condensed biochars being more effective. With the addition of further recent studies into a metaanalysis, the estimated benefit has been refined to a net 38% reduction in N 2 O losses in soil with a net lowering in nitrate (NO 3 − ) leaching by 13% and no change in soil NO 3 − content (Borchard et al. 2018) . A meta-analysis studying the effect of biochars on soil mineral N has, however, revealed that biochars, on average, lower soil NO 3 − content by 11% and soil ammonium (NH 4 + ) content by 10% (Nguyen et al. 2017) . The authors found that biochars derived from woody materials had less impact than those biochars from other plant origin (e.g., straw). It should be noted, however, that the lowering of soil NO 3 − content in this meta-analysis was influenced heavily by application doses above 2% w/w in soil (ca. more than 15-20 t ha −1 ), while lower doses either had no effect or only minor reductions in soil NO 3 − content. Thus, restricting soil mineral N availability appears to be an important mechanism by which biochar lowers soil N 2 O emissions (Van Zwieten et al. 2015a) .
While a previous study (Slavich et al. 2013 ) has shown that a feedlot manure biochar can increase dairy pasture production by 11%, and increase agronomic N use efficiency by 23%, the study did not investigate in detail the role of biochar on soil mineral N status or losses of N through N 2 O emissions. The study showed that the feedlot manure, due to its liming effect, lowered acid constraints, thus increasing plant production and uptake of applied N fertiliser. In the same study, a woody biochar had no effect on pasture production or nutrient uptake. Similarly, a meta-analysis (Jeffery et al. 2017 ) has shown yield benefits from the application of biochar to soil in the tropics to be in the order of 25% greater than unamended controls. However, this analysis has also revealed that benefits in temperate systems may be questionable and no average yield differences were recorded. The main effects in tropical soils were discussed as liming and fertilisation effects from the biochars.
Given its potential to limit available soil mineral N, particularly within the first year post-amendment (Nguyen et al. 2017) and to increase N use efficiency (Slavich et al. 2013) , we hypothesised that biochar addition to dairy pasture would mitigate soil N 2 O emissions while maintaining the status quo of pasture yields. We established a field site comparing two contrasting biochars, a high nutrient content poultry litter-derived biochar, and a lower nutrient, higher C content woody biochar, with two rates of applied N fertiliser following each simulated grazing event. To distinguish between pH changes resulting from the liming effect of biochars, a lime treatment was also included to approximately match that of the poultry litter biochar. The field study was undertaken on Ferralsol, a soil type that occupies around 750 million ha of tropical and sub-tropical agriculture worldwide (FAO 1998).
Methods

Biochars
Two biochars, one from poultry shed waste (herein referred to as poultry litter biochar-Char A) and the other from hardwood residue (herein referred to as hardwood biochar-Char B), were produced by Pacific Pyrolysis Ltd., Somersby NSW Australia, using a pilot-scale continuous 300 kg h −1 slow-pyrolysis unit. Poultry shed waste was obtained from a commercial poultry producer and hardwood (Eucalyptus sp.) was obtained from a commercial supplier of hardwood chip. Both biomass feedstocks were pyrolysed at the highest treatment temperature (HTT) of 550 °C, at a heating rate of 5-10 °C min −1 and with a maximum residence time at HTT of 45 min. The characteristics of the biochars are presented in Table 1 . In summary, amendment of soil with 10 t ha −1 of poultry litter biochar supplied 320 kg ha −1 of total N, of which only 61 g ha −1 was supplied as mineral N. This biochar also delivered 170 kg ha −1 of available P, and 310 kg ha −1 of total K. In contrast, hardwood biochar delivered 110 kg ha −1 of total N with no detectable mineral N, 14 kg ha −1 of available P and 65 kg ha −1 of total K. Methodologies used to analyse the biochar are found in Slavich et al. (2013) .
Site description
The field experiment was conducted in 2013 on a Rhodic Ferralsol (described in detail in Macdonald et al. 2014) at the Wollongbar Primary Industries Institute, NSW, Australia (28.49.34″S, 153.23.5″E; elevation 140 m). The climate is sub-tropical with a summer-dominant rainfall. The site had been managed as a commercial dairy pasture from around 1901-2005, relying on winter production from over-sown annual ryegrass (Lolium multiflorum) and summer production principally from kikuyu (Pennisetum clandestinum).
Design and site establishment
The experimental site (approx. 0.3 ha) was fenced from the main paddock and was sprayed with glyphosate (2.2 kg active ingredient ha −1 in commercial formulation) on February 2013. The soil was rotary hoed in March to provide a 1 3 uniform seedbed. Treatments consisted of nil amendment, agricultural lime at 3 t ha −1 to approximately match the liming equivalency of poultry litter biochar, poultry litter biochar at 10 t ha −1 (Char A) and hardwood biochar at 10 t ha −1 (Char B). Each treatment had two N-fertiliser regimes, with "high N fertiliser" representing 112 kg N ha −1 following each pasture harvest (totalling 672 kg N ha −1 over the year), and the "low-N fertiliser" treatment represents the half rate 56 kg N ha −1 totalling 336 kg N ha −1 . The eight treatments were replicated over four plots for a total of 32 field plots in the experiment.
Amendments were individually weighed for each plot and precision applied to a randomised block layout. Plots were arranged in four replicate blocks of eight plots. Subblocks of four plots within each replicate were allocated to either the high-or low-dose N fertiliser; then, the four plots within each sub-block were randomly allocated to the amendments. Plots were 4 m by 7 m with each block having a 1-m buffer. The amendments were incorporated to a depth of around 100 mm using a power harrow and a tetraploid annual ryegrass (Lolium multiflorum cv Warrior) was sown at 35 kg ha −1 and lightly rolled. Non-amended controls were managed the same as treated plots (i.e. power harrow incorporation). A molybdenum superphosphate fertiliser was applied (at the regional recommendation of 22 kg P ha −1 ) and the site was irrigated to stimulate germination. The first harvest of pasture occurred when the ryegrass plants had a minimum of three leaves per tiller (Fulkerson and Donaghy 2001) , and the site was harvested approximately monthly on a further five occasions.
Sampling and analyses of soil and pasture
Pasture was harvested a total of six times during the trial period. A 1 × 7 m long strip was mown from each plot using a rotary mower with the catcher set at 80 mm above ground level, and the harvested shoot material was weighed fresh and subsample was dried at 80 °C in a forced draught for 48 h and weighed. The remainder of the plot was handmown similarly to the harvested strip and the harvested pasture discarded off-site. Samples from each plot were stored at − 18 °C prior to analysis for plant nutrient uptake in an ISO17025-accredited laboratory. Details of the analytical methodologies can be found in Slavich et al. (2013) . Pasture nutrient uptake at each harvest was determined by multiplying the tissue nutrient concentrations by the respective dry weight. Total nutrient uptake over the experimental period was calculated by summing the nutrient uptake from individual harvests.
Soils were sampled a total of 11 times throughout the trial period to assess NO 3 − and ammonium (NH 4 + ) concentrations. This sampling was conducted 1 week following application of urea and immediately prior to harvest on each occasion. A total of five cores (40 mm 1 3 diameter stainless steel corer) were randomly taken from each plot to a depth of 50 mm, composited and submitted immediately to an ISO17025 accredited laboratory for analysis of NO 3 − and NH 4 + . Exploratory data analysis showed that the mineral-N data tended to a log-normal distribution after accounting for the experimental design factors. The mineral-N observations were transformed to the natural logarithmic scale in the linear model to meet assumptions required for statistical inference. At the completion of the trial (February 2015) soil was sampled using a 40 mm stainless steel corer (depth 0-100 mm) with five cores taken per plot and composited. Soils were analysed according to methodologies described in Slavich et al. 2013 .
Greenhouse gas sampling
A u t o m a t e d g a s s a m p l i n g c h a m b e r s (500 mm × 500 mm × 150 mm height) using four sampling points within the 60-min closure period (see methodology in Van Zwieten et al. 2013) were positioned within the high-fertiliser treatment plots only while static chambers (four chambers per plot) were employed in all 32 plots. Auto-chamber data were collected continuously, while manual static chambers were sampled on 60 occasions over the experimental period. A detailed description of the analyses of GHG data is provided in Morris et al. (2013) .
Statistical analyses
Statistical analysis fitted linear mixed models to explain variation in each set of observations. For pasture yields and other single measurement responses, the model estimated fixed effects of fertiliser, amendment and their interaction plus random effects due to replicate and fertiliser block within replicate. The model was extended to accommodate the repeated measures of GHGs and soil mineral N; a fixed effect of date was added plus interactions between date and the original fixed effects. Random effects of plots were also included. Null hypothesis significance tests for the fixed effects were conducted by calculation of F-ratio tests. The linear models were used to estimate average responses and standard errors at all combinations of the fixed effects. Assessment of specific differences between treatment averages can be made by comparison of the estimated effect size with least significant difference calculated at 5% critical value conditional on rejection of the null hypothesis test for the fixed effect.
Results
Pasture yield and herbage nutrient uptake
Poultry litter biochar (Char A) significantly increased yield compared to other treatments (Table 2) . Poultry litter biochar amendment resulted in over 9 t dry biomass ha −1 in both high-and low-N fertiliser treatments, compared to 7.5-8.25 t While there was no significant effect of N fertiliser treatment on N uptake (NHST = 0.06), there was a significant effect of amendment (NHST = 0.00) and a significant fertiliser × amendment interaction (NHST = 0.01). However, N uptake was significantly higher in the high-N fertiliser treatment than the low-N fertiliser treatment in the poultry litter amendment (368 vs 280 kg N ha −1 ) and the control treatment (315 vs 278 kg N ha −1 ) ( Table 2 ). Poultry litter biochar resulted in greater N uptake (368 kg N ha −1 ) than all other treatments and the nil amended control (315 kg N ha −1 ) in the high-N dose treatment (Table 2) , but under the low-N treatment, there was no effect of amendment on N uptake.
The largest observed impact of biochar amendment into soil was on herbage phosphorous (P) uptake seen in the poultry litter biochar plots. Pasture herbage in the poultry litter biochar treatment accumulated 31.6-32.8 kg P ha −1 (se = 1.27) compared to other amendments and controls (ranging from 17.7 to 19.7 kg P ha −1 ). No effect of N fertiliser dose on P uptake was detected (p = 0.21). The 75% greater P uptake from poultry litter biochar plots represented an additional 14 kg P ha −1 exported in harvested herbage over the season. There were no significant differences in herbage calcium (Ca) or aluminium (Al) uptake between treatments or N doses. The uptake of potassium (K) was significantly greater in poultry litter biochar plots, while there was no influence of N dose on K uptake. The poultry litter biochar resulted in more than 100 kg ha −1 additional K in the herbage compared to other treatments or the control. The high-N dose poultry litter biochar treatment also resulted in significantly greater uptake of magnesium (Mg), while no other differences were recorded.
Soil properties
Application of both poultry litter biochar and hardwood biochar significantly increased soil C % compared to either nil amendment or lime amendment at 12 months after amendment application, with no significant difference between the two biochar treatments or between lime and nil treatments (Table 3) . Poultry litter biochar with the high-N fertiliser dose resulted in significantly greater total soil N% than other treatments.
Higher application of N fertiliser in both the control and lime treatment resulted in significantly lower soil pH when compared to their respective low-N fertiliser dose treatments. However, pH was not statistically different between N doses for either biochars. Both biochars had a liming effect in soil with poultry litter biochar resulting in a statistically similar soil pH compared to the lime treatment. Hardwood biochar had a lower liming effect than poultry litter biochar, which reflects the different initial liming equivalencies (Table 1) , where poultry litter biochar was equivalent to 13% CaCO 3 and hardwood biochar 7.3% CaCO 3 . There was no effect of the biochars on soil EC. Large differences in plant available P as measured by the Bray extraction method described in Rayment and Higginson (1992) were detected between poultry litter biochar and other treatments. This is reflected in the initial analyses of biochars (Table 1) , where poultry litter biochar had 1.7% w/w available P (as measured using AOAC Method 977.10 and 963.03) (AOAC International 2000). Hardwood biochar had 0.14% w/w available P. At the high N fertiliser dose, all amendments had lower exchangeable Al than the control plots (Table 4) . The high N dose control had 1.6 cmol (+) kg −1 of Al and a correspondingly high Al saturation of 28.8%. Poultry litter biochar and the lime treatments also had lower exchangeable Al than the control in the low-N dose plots. Exchangeable Ca was higher in the poultry litter biochar and lime treatments than the control, but the hardwood biochar had no effect in the corresponding N fertiliser dose treatments. The low-N dose treatments all had lower Al saturation compared to the high-N dose treatments.
Soil greenhouse gas emissions and mineral N content across the sampling campaign
Soil mineral N
Statistically important predictors of soil ammonium content (presented as log-soil NH 4 + -N concentration) were fertiliser rate and date of sampling. The effect of fertiliser varied over time as evidenced by a significant interaction between date and fertiliser rate. The practical implication of this was that high-N fertiliser plots tended to have higher concentrations of soil NH 4 + -N most of the time (Fig. 2) . Statistically important predictors of log-soil NO 3 − -N concentration (p < 0.05) were fertiliser rate, amendment and date of sampling. The effect of fertiliser varied over time as evidenced by a significant interaction between date and fertiliser rate. The amendment effect resolved to an approximate doubling of soil NO 3 − -N concentration in the hardwood biochar plots on average over the season and fertiliser rates (Table 5) . Overall, application of N fertiliser corresponded to higher soil NH 4 + -N and NO 3 − -N concentrations, with mineral N generally declining post application period (Figs. 1 and 2 ).
Soil greenhouse gas emissions and respiration
Cumulative soil N 2 O emissions from manual static chambers were strongly affected by N fertiliser dose (p = 0.07) (Table 6 ) but amendment and the fertiliser dose by amendment interaction were not significant (p > 0.05). During a higher rainfall period (July 2013) where denitrification process would dominate, biochar plots had lower peak emissions (Fig. 3 ), but this difference was not great enough to influence the net N 2 O emissions across the entire sampling campaign. Peaks in emissions of N 2 O were obvious in the periods immediately following N fertiliser application. The higher emissions from high-N fertiliser plots were reflected Table 7) . The cumulative emissions detected by auto-chamber were higher than those using the static chamber methodology (see Tables 6 and 7 ). Figure 4 compares the flux across the season from the high N plots and shows that emission events are largely linked to the rainfall. Static manual chambers miss an emission event in 2014 which is captured by the auto-chamber methodology, accounting for the discrepancy in this study between the two methodologies for assessing soil N 2 O emissions. Differences in soil N 2 O emissions were not explained by soil respiration. Across the sampling campaign, there were no significant differences observed between treatments or N fertiliser dose (Table 8) .
Discussion
We hypothesised that biochar addition to sub-tropical dairy pasture on Ferralsol would mitigate soil N 2 O emissions while sustaining pasture production. As expected, the high-N fertiliser treatment led to higher soil mineral N concentrations and a consequent increase (near doubling) of N 2 O emissions (see also report by Saggar et al. 2004 ). However, our results did not support our hypothesis as there were no statistically significant effects of either poultry litter or hardwood biochars on soil N 2 O emissions, measured using both a manual static chamber methodology across all plots, and a high temporal resolution auto-chamber methodology (Kiese and Butterbach-Bahl, 2002) in high N plots under the treatments of poultry litter biochar, hardwood biochar or lime. This result is in contrast with a recent meta-analysis on the role of biochar on lowering soil N 2 O emissions, where an average reduction in emissions of 38% has been reported (Borchard et al. 2018) . Restricting the soil mineral N has been described as a potentially important mechanism by which biochar can lower soil N 2 O emissions (Van Zwieten et al. 2015a) . A meta-analysis (Nguyen et al. 2017) has shown that biochars lower soil mineral N content, particularly within the first few weeks following amendment; however, this was not observed in our current field study. An apparent positive priming effect following the addition of wheat straw biochar (550 °C) to soil has been reported (Fiorentino et al. 2019) , with the study concluding that higher soil NH 4 + content was due to greater retention of mineralised soil organic N. While our study showed no significant differences in soil NH 4 + across treatments, hardwood biochar resulted in greater average NO 3 − concentrations in soil across the study, a result reflected in a previous glasshouse trial using woody biochar in a sandy soil (Van Zwieten et al. 2010a ). This greater soil NO 3 − content did not, however, result in an increase in N 2 O emissions. Reflecting the results of Fiorentino et al. (2019) , poultry litter biochar did not give significant changes in soil NO 3 − concentrations. Rainfall data from 2013/2014 (Fig. 4) show that the maximum events were in the order of 55 mm rainfall day −1 over the trial period, suggesting that periodic minor leaching losses of NO 3 − could exist. Yao et al. (2012) has demonstrated that some biochars were more effective in lowering leaching of soil NO 3 − with biochars produced at 600 °C having the greatest effect. Rainfall in the current season was much lower than a previous study at a neighbouring site (see Scheer et al. 2011) , and therefore the prospect of extended denitrification events was also low. As such, the major spikes in N 2 O emissions seen by Scheer et al. (2011) were not observed. The majority of the sampling campaign was undertaken in conditions favouring nitrification rather than denitrification. It was suggested by Scheer et al. (2011) that the majority of N 2 O production under the drier conditions results from nitrification processes rather than denitrification, which was found to occur when soil moisture was between 78 and 83% WFPS. It is established that biochar is most likely to have an influence on the production of N 2 O during conditions favourable for denitrification (Van Zwieten et al. 2010b . There is evidence of biochar mitigating emissions during the very wet events (July and November, Fig. 4) ; however, these were only short events, and conditions favoring nitrification across the majority of the campaign have masked these effects as reflected in the lack of statistical difference in net N 2 O emissions across the 11-month study. Another mechanism whereby biochar can lower soil N 2 O emissions in acid soils is through alleviating low pH, thereby limiting restrictions to nosZ activity and decreasing the N 2 O product ratio of denitrification (Cayuela et al. 2013 ). Again, due to the limited rainfall, it is unlikely that denitrification was an important source of N 2 O in our study. Therefore, although significant (p < 0.05) changes in soil pH were observed with poultry litter biochar, they did not influence net soil N 2 O emissions in the current study. While biochar application did not mitigate soil N 2 O emissions due to the drier conditions, application of poultry litter biochar resulted in an 18% increase in herbage yield in the low-N fertiliser plots and 23% increase in the high-N fertiliser plots compared to the nil amendment control. While Jeffery et al. (2017) conclude that the liming effect of biochars is important in tropical soil, a liming effect was not responsible for increased yields in this sub-tropical Ferralsol, since there was no significant difference in herbage yield between the control and limed plots. Significant yield differences were also detected when comparing the poultry litter biochar amended plots with the corresponding limed plots. This is in contrast to an earlier study at the same site which found increased N fixation in faba beans (Vicia faba L.) following lime or biochar application (Van Zwieten et al. 2015b ). The likely reason for this discrepancy is that legumes-and rhizobia-are typically more sensitive to soil acidity than pasture grass species including ryegrass (Robinson et al. 1993 ) and kikuyu (Rayment and Verrall 1980) that were grown in the current study. Application of poultry litter biochar also contributed to the increased yield due to alleviation of P constraints in the Ferralsol, and was reflected in the 50% higher pasture P uptake in poultry litter plots (around 30 kg P ha −1 ) compared to all other plots (around 20 kg P ha −1
). The additional uptake of P is not surprising given the 170 kg P ha −1 was supplied with the poultry litter amendment, contrasting with only 14 kg P ha −1 from the woody biochar. Joseph et al. (2010) have observed electron microprobe elemental maps of biochars in Ferralsol and concluded that P is associated closely (probably via sorption or precipitation) with Fe-, Al-and Si-containing minerals on biochar surfaces. As biochar can lower soil Eh (Joseph et al. 2015) , this may in turn change the availability of nutrients and improve the ability of plants to access these nutrients that may otherwise be bound to, or leached, from soil (Joseph et al. 2013) . In a previous study by Slavich et al. (2013) , feedlot manure biochar which also had a high P content of 5100 mg kg −1 of citrate soluble P increased soil available P (Bray) levels over 3 years, irrespective of whether the plots had P fertiliser applied or not. The study concluded that the improvements in P fertility of the soil were the key drivers of pasture productivity and resulted in greater herbage N uptake. However, in the present study, higher P uptake and pasture yields in the poultry litter treatment were not associated with higher N uptake. Further, the low N dose resulted in the same pasture yields as the high N dose, even when P constraints were alleviated in the poultry litter biochar treatment, suggesting that N was not highly limiting on this site. This is possibly due to the high soil total C and N contents and capacity to mineralise N to meet plant demands. The current study found that the poultry manure biochar, irrespective of N dose, significantly increased herbage K uptake, with a trend towards higher K uptake in the hardwood biochar treatment. Given that these trends are also reflected in pasture yields, it is possible that K was also yield limiting at this site, consistent with other red Ferralsols in Australia (Moody 1994) . Ultimately, the yield responses observed in the biochar treatments appear to be the result of alleviation of P and possibly K constraints rather than any N constraints. This was achieved through both provision of additional nutrient and through changes in soil P and K plant availability.
Conclusion
Neither poultry litter biochar nor hardwood biochar had an influence on net soil N 2 O emissions from a field trial on intensively managed high N-input pasture. But poultry litter biochar resulted in lower N 2 O emission intensity due to a significant increase in pasture yield. The lack of significant difference in net N 2 O emissions was explained by the dominance of dry conditions over the sampling campaign, resulting in N 2 O production being governed by nitrification processes rather than denitrification. Previous research (Cayuela et al. 2013; Van Zwieten et al. 2014) has demonstrated that the main benefits of biochar on lowering soil N 2 O emissions occurred under denitrifying conditions. Lower emissions were observed in biochar plots during the heavier rainfall events, but when assessing net emissions over the season, these minor changes were insignificant. Alleviation of P and possibly K nutritional constraints by the poultry litter biochar led to increases in pasture yields regardless of the N fertiliser dose applied. The use of biochars derived from manures can play an important role in increasing soil fertility, soil C and productivity, while the benefits of biochars on soil greenhouse gas emissions are likely to be highly dependent upon soil conditions, in particular water content, which controls N-cycling pathways.
